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THE KRAK fIK)DEL OF FLUID-DRIVEN FIUCTURE
PRoPAGATION IN PERMEAl!fJZ ROCK

by Bryan .1. Travin
Lus Alamos National ~boratory

I’his paper was preaentad at the Sociaty of Patrola- Eng~rs/Dmpartmmnt of Enargy SPpnslum on hw
‘ermewbility Gas Ramervoirm, held in Dmr.voi-, LO., May 27-29, 1981. The materiul is ●ubjcct to

cdrrecclon bv thm author.

A model f>r calculating fluld-driwn fraccura

>ropagution in permaablm, elastic media la dascribad,

F]uw in the fracLura can ranga frou small CO vary

large Revrwld’a numbarm, Hmat and mann transport in

LIIe crack ●nd in tho surrounding poroum mmtrlx ● rm

>oth computed. Crack ●hapo at ●ach Lime Inocant lm

Ieccrmined from Snsdkwi’m Lntagral and crarb, ●stannlon

1~ concr,lllud bv the ● tremn ln~,ar!mity lntcsral. Flow

in Lhe crack mnd crack ●hapa arc fuIly uuuplad. lha

n(del haM l)WUII UBWd LO ●huu tho dapandenca of crack

~r(,p,tgntion on metwri~l prnpcrtiam Much as pamaablllty

Ind Iriiuturu tuughneao, on in-r.ltu ntramaos ●nd ●ourca

)rushure hinmry, ●nd on uthur prupartlos.

lSlllLII.)lCTIOS—..— .,

(hultrol of fracLura prupaSatlon la vary important

[nr LIIV ,,uc,cenn uf sevaral in-situ technolonlao. For

!kII!IIIle. a MWI1 of OXP1OU1V* ●llwulatlun tachnlquam

Imed for ~aa racovtry frum mhalam In to pruduco long

lr.i,tur~n, theraby Uraatly lncraaminR surface ●raa

IvoilablfI fur Ran drainage, In containment of urrdar-

Wround nuclaar ●mplumtuna, fnctora cauoln~ crack

lr~lwth ❑ unt ha undarotuud ●u tht ■tlch •ltuet~onm can

:10 avoiJr ‘, In both thaaa cmchhalo~ios, fracturas

trv ifrlvm by ~aatm ●nd liquldm throu~h po~abla ndla

C,!nnldcrahle ●ffort hat ~onm into ●tudyinc lso-

Ihmrmal hvdraullr fracturin~ in ●lantlc ndia (mcm,

.. . . ...—... — .— _ . .
RPlrI..,l.#n allJ Illuntrationo ● t ●nd uf paper,

for axample, Sfmonmon at al., 1976). Abe at J1.

(1976) diacumm the ●volution of wdmllng of hvdrmulic

fracturing, Much lass work fun bean publlal;ed on

crac~ng in pamable madia, particularly by compress-

lblo fluids. Pltta ●nd Brandt (1977) cunotdered fr.l,.-

tura propagation in pammabla mmdia by an Iuuthumal

~m but thay ignormd Inortlal and accmlaratirm terme

itt tb crack flow ●nd alao conaidaroJ matari.il~ with

mro fractura toughmnm. Sattari (1979) pranentad a

modml for flufd-drlvmn fracturo propm~aLii!n In ,~ennv-

●blo media, but mada sava:al raotrltitin~ anhumpll~mh

●bout crack flow, crack ●hapa ●nd fracturin~ ,rlterlul

Kmllar ●nd Davis (197L) Jmvmlopmd n MLIJOI f,,r !fodo I

fracturing Ir ;OrOu~, ●laatic MUIJIJ drlvon by lmIt,

hlSh-praaaurm ●cream. Davlm +nd Trtrvln (1977) .Ind

Travis ●nd Davis (1980) havm i,eprovd thtm mdrl bv

addi~ noncondwraable gaoas ●nd tlw ●tranti !ntvnMltv

factor critarlon for crack ●xtanmlun, AM wall Am

imprmwd troatmmnt of tho ●quatlun ,If nL.tt@ f!,r 11,11
.

and of thm numarlco in gmwral. nli~ 1.leL m(dul in

tho ●ubjact uf thim papmr.

KM WDEL

Th@ KRAK coqutsr coda ualcu]dLa~ LhP pr!)p#~d-

tion of a fluid-drlvon, Had- 1 fractur. In an #lnntlt.

poroum rndlu, Pr~inuriscd Ranas and/ur liqu!drn from

● cyllrrdrlcal ●ourca flow into ● ■hurlo ln,:IpIuIIt

panny-mhappd crack IyinR in a plmno normal tn IIIa

cylindar sxle (Finuro 1). Crack WXL6111a~tNl dopwufe on

tbm rata Of loaka~v of drivlnR fluid Inlu Lhm fmroum
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medium, the mechanical properties of the medium, ●nd

the confining stress in the medium, as well as fluid

pressure.

Chemical explosives generate steam and noncon-

densables. Also, the media of interest typically

contain pore water. Introduction of hot fluids into

cool, partj.ally eaturated rock will change the local

saturation levels, which will result in changes in

relative pe:rneability which will affect lealuige rates.

‘t was considered important, then, to model two-phase

flow in the medium, Forchheimer’s relation for

porcus media flow

;i(l+a Rei)--~?Pi /ui (1)

Rei = Oit Iti! / Pi , a - 0,01/(1 - c)

is used in the rock since etrong pressure gradients
+

near the crack face may produce non-Darcy flow, ‘i
is the velocity of phase i; Pi, ki ar,r! pi are the

pressure, relative permeability, ar,cf vis:osity of

phase i, respectively. Viscosities are s:rong:y

temperature dependent; rela:i,ve pe~-eaki;j:ies depend

:n saturaiione and pressure gradients. In the crack

icbelf, velocities can be large, Conseq-en:i:;, Lk.e

i,l~,ier-Stokes momentum equations sre needtd, W

hl,lves a modified form known as the Fanning equation

for the velocity component V in the plane u! the crack

,,v bv -1 31’ - 2F “2
~+v ~-~~r ~(fi

(2)

[c the la~t term, w is the local crack wldt!, and F

[4 III,, FJnning frlctlon factor. F depends on the

W:rrold’s numbar and on crack face roughness. We

use an analytit,al fit to ●xperimental data for F that

:1’vcrs the ran~e from leminar to fully turbulent

fl,-w (Figure 2), iii a crack, we aeeume both phasea

- ve with the same velocity,

~onrnenation ●quucionn {or mas and •n~rav are

nee:ed to completo the dtncriptiufl of ths flow:

& /c Cy f do+ j(~~ ~$,, ~) ’dA*
+ ‘gd 1

/

(J;

cddfi
9

J clfd3- Jf3(Tf-Tm) dfl

+ 0-
c) Emd2=

J
CmVTm” d~ +

;aparate

natrix.

J !
(6)

@(Tf- Tm) d;+ (l-c);md~

energy equations are solved for f:uid and

If flow rates are high ard/or the particles

>f the matrix are large, the fluid and the porLtis

nedium bathed by the fluid will not necessarily be in

:hermdynarnlc equilibrium.

Noncondenaables are treated as perfect gases. A

)artlally LMtYIIi~r equation of state is used for H,O.
.

[n the fracture,fi and A can vary, This allows couplin~

)etvaan changa in crack shape and the fluid dynamics,

he velocities ~ and ; are determined b} equations
gv 1

:1) or (2) ,

Crack extension is determined from the stress

,ntensity factor (Barenblatt, 1962) ,

(;)

here k$C is the critical stress intsnsity factor, I

.s crack length, R. is the radius of thu .~,:]tr,~l CYiIII-

Irical hole, and Fe(r,t) - P(r,t) - :(r,t), where P is

fluid pressure in the crack and : is confining stress,

Creek width in computed from Sneddon’b integr~l

(Sr,eddon, 1946) for ● pressurized static crack in on

elastic medium.

1

Thic ●rrpreaelon sk’~uld be reasonably ●ccurate uhcrr

crack velocity is much lees than the ●lastir wnI,e

mpaedh of the mt~dium. Y ●nd w in (8) ● re the Y1)ung’ N

mdulum ●nd Po\.eeon’s ratio, reop~ctiv~ly, ConfininR

stress u(r,t) cen be tha ●srth strcse or any npr,l;led

distribution in space ●nd time,
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NUMERICS

The KRAKcomputer code solven the equations listed

Ln the previous ziection uming an integrated, finite

difference ❑cheme. Equation 2 ie eolved with d semi-

implicit technique (Gentry ●t al. 1966). ( Equation 2

is valid regardleae of changea in crack volumem -- it

ie obtained by eubtracti~ the mane conaenration equa-

tion from the momentum conservation equation.)

Constant or ti~-dependent boundary condition

can be applied. Finlce aa well ae infinite eources ●re

allowed. Penoeability can range from large valuea to

virtually zero.

The crack tip moven through the campucational

mesh, A .apecial crack tip zoning treacmenc provideo

a stable transition ae the crack tip mvee from zone

to zone. Sensitivity to zone size in the r direction

is relatively weak, but is ●ignlficant in tha z direc-

clun. Fine zoning ia used along the crack face for

accuracy. Earliar versions of cha code aieplayed a

~:allopud programs of crack growth, but addition of

Che eLreaIi inteneity integral CriteriOLL●nd Bpecial

crack tip zoning hae made crack propagatlnv very

smuoth.

Coupling between crack ni.lpc, crack tip pr~itlon

imd the fluid dynamjca ie cumplete, and in accompll~hec

in eflch time etep by ●n iterative procndurc. Fur each

Limu titrp, KM(

(1) c.ll~ulate# ❑aen and heut flow in Lhc crack and in

che matrix,

(J) u~ea tile equation of titflte tu determine ncw valuea

uf preneure, temperature, etc. ,

(1) In the crnck, itrratern tin the urnck ●hApe, track

luIIuth and th thurmudynamlc varlablee until

cuneietency in achieved.

Sncddon’u integral ●nd Barrnblatt’n ●xprcnelon for

nLrun~ intenmlty are ●valuated arwllytically uninn

plccw-wlNe Ilncar preeauram Thin ana)ytic treatment

ee~mu necrtimry for etabillty and ;Icuuracy. StrnlRht-

forward numerical ●vti.uaLlana prudured naw-tuuth crack

nhilpe pr(}fil-~ for Ouranional Lime etepn,

FILM)I.LVFRIFICATION—-—— ...—— .

We nrw not awaro of any daLa thatwould alli,w All

part~ or rho KftAf( crrde Lu be tested simultaneously.

lhttA In mlowly becuming avallmble, Imwcver. Fur

oxarnplc, fin experimental proSram In bein~ drveltrp~tl by

5yaterma, Science and Suftware Corp. to generate 6team-

driven fractures in pemeable Nevada ‘rest Site tuff.

Aleo, the Sandia National f.aboratoriea hae run a few

eir-drivefi fracture errperimentn at the Nevada Test

Site. In the ~antime, we have tested the varioue

parta of the code separately.

The two-phaec poroue flow ❑ection of the ❑odel

haa been compared with analytic similarity solutione

with excellent agreement, We have alao compare the

code with t~o aete of azrperimental data. Cle aet

coaaiste of temperature histories recorded at various

daptha in a column of eand, initially ary, incu which

hot ●team was continuous!.y injtcted. Relevant mate?-

ial properties were meaaured. The code agrees quite

well with this data. I%e nther aet conalats uf Tem-

perature hietories and volum~tric flow rates recorded

in ●amplee of wet, rucompacted tuff into which hot,

dry nitrogen waa injected. Our model ahowetf guod

agreement with this dnta. Details of thaae cump~rl-

irons w1ll be available in a report being prapured on

tha KRAK model.

Ona teut of the fractllre mechirnlce SIcCtiLJnuf the

model has been a comparLaon with an errplusi?e frac-

turing experiment In a plexiglass block (Refcruncc i),

Figure 3 ●howm the block ue~d in nne uf LhL!Se experi-

ment. A cylindrical hole with grouvutr IILIS buun

drilled lntc the block, IVo moniL~~rLng HtJtlons nra

indicated. A d,, coupled ,.hargc of !’El?i wils pl,lt’t”din

the borehcle and detonated, Thv rcslllt!ng frLliLure

propaantjon hl~~orv wmm captured 1,. ,1 (:r,\nz/$11.irdin

multfple ●park Rap cm,,,ra, Ftoruholu prcHburc lH Nhown

in Fi,gur@ 4. The rcsulLH of the expcrlmvnt ~lrr eum-

marlzed in Fi~ure 5, Which tndtL.ntL!u th.lt tllu aver,tgc

fracture volccity wnn cbnut 400 m/n, and in Ftguru 6,

which dl~playa the premeurr hintury m-~aurccl n. ntu-

LiOn A I%v prcehure has two pcakH, Lhc flrsL ,tpp.lr-

●ntly ●eeorlatctl with air tturroundlni thp (“h~rkc, mnd

the ●et”und ilIIIto\..aLed wjLh the ~lrrlv~ll uf LIIU uxplu-

●lve produc~um (hnem comol~tuly Cillud thu rrn~k.

ti attempl wam mado tu calrulatv LhiH ●xl}urlmunL

with thz KRAK LO[~dc Tho boreholc premnurr IJf l’l~uru .i

wae umod Cur the ewrce. ‘fh r~lavanL mntrrl:ii pru

partlea of PM were obtainad, III- mxlrnvmnrvtri~ gelJ-

metry thin: thu code presently unee In not r~ally l’ur-

rect for thin prahlcm: hrrw?vero Lhr widlh 0[ 11 w bure-

hulo W*O u-ad f~lr tnr dtametcr U( Lhv n{lur,~. 11It!

blrrck 1- thin; KRAK n~numati a plntr O( Iargo thlL’hnene

— ——
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Nevertheless, the calculaclonal reeultn are not graat-

ly different from the measurements. The daehed line

on Figure 5 indicatea calculated crack length versue

time and lies fairly cloee to the data. Crack velo-

city ie very close to that observed. The daahed line

on Figure 6 ie the 11 l~ted preeeure hietory at

etation A and is ~ilur thtirr ❑eaeured. ‘fhia may be

due to o.r idealized geometry or perhapa to reflection

from the ●dge of the block. Figure 7 shows the

preseure and crack width profiles ae calculated at

200 :s. me fluid fills the crack. A eecond calcu-

lation was made with a reduced critical atreae inten-

sity factor KIC. It is interesting that, in thle

case, the crack tip ran out ahead of the fluid fro:)t

(rigurc8).

M’I’LICA11OSS—.

One important appllcatioh 0, the IUUK code iu to

:TURE PROPAGATIONIN PEFOEAELE ROCK
4

mterial (1 darcy at 80% saturation). Young’s modulus

and Poisson’e ratio for both media were taken to be

40 kbare and 0.33, respectively. Confining strese

wes 25 barn. Fluid loee into the high permeability

zone bmcomee ao severe that crack growth ceasee. Frirc

ture extension into the upper layer proceedo somewhat

farther when that layer’s permeability is reduced to

0.1 darcy. However, the crack still etops growing.

Greater eource preeeure can drive the fracture on

through tha high pexmability materi.~1, ae shown in

Figure 12. At preeeuree greater than about 200 bars,

the fracture w1ll continue to extend, but at a re-

duced veloclty.

KMK can also handle time-dependent in-aicu

strer36 fields. In the following example, fracturu

propagation through a time-varying confining strrss

field is coneidereri. The high preesurc fluid source

fn thi~ cnse fe n large (10 m. rndiue) spherical

cavity created by an underground nuclear explutiion.

‘tin such a cavity ie formed, n strong stress W;IVU 1s

transmitted through the surrounding rc.rk. TIIis Lr.rns-

ient uLraen field was calculated with a stress w~lvc

propagation cude. The tangentf;ll stru~b comprJnunL was

Uetid ae the in+it(l stress fOr the frilcturc llrL)pLI:W[!,J

culrulation. Intcrnction bctweun Lhe dynamic r+Lruns
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msecs. Crack width at the base of tha crack becomes Re Reynolds n-her

rather large, approaching 2 cm. fisximum crack velocicy R. borehole radius

reaches 400 m/a. By 50 msec, tha crack has extended r radial coordinate

about 8 m. and is slowing down. At about 55 meat, T temperature

rebound occurs and tha in-situ atreeaea incraaae to t time

the point I;here crack growth la shut off. v velocity

These examplara do not constitute an orderly, v crack half-vidth, function of r

comprehensive analysis of fracturs propagation in Y Young’s modulus

porous rnadis. That will be the subject of a future Greek

report. These exsmplea have been given co show the 0 heat exchange coefficient betwaen fluid and rock

capabilities of the liMK model. Future application 6 maas source or sink

will concentrate on liquid-driven fracturing, fracture E porosity

planes pzssing through the axis of a cylindrical ~ energy source or aink

Iuurce rather t“han normal to it, and fracturing for u viscosity

,OW Reynolds number flow. v Poisson’s ratio

The model hee been used primarily for atudlea of o dene i ty

,heconditions for cuntaltrrnent of hot, high-presaura u in-situ streaa fiald

;.~seg generatnd during underground nuclaar explneiona. 9 volume element

Iwever, the mdel is general ●nough and the coda Subscripts

~lexlble enough to be ueed for rwmy other applications, f refers to total fluid

;uch XI explosive stimulation of gaa-bearing for- ~ refers to gas component

wtlunu. Bd refere to gan dfssolvcd in liquid

RV refers to gaa-vapor mixtura

IISCLL’SIIW L refers to phasa

1 refers to llquid component

I’. Wthemutmlcbl tool for cnlculatlng fluld-drlvan lV refers to a liquid and A!S vapor

~r~cturv prupa~ativn in poruun madia hus besn devalopetf .m refera to matrix

rhu vilrious parto of this model hflve baer. compnred v refers to vapor component

#ltl) experimental d~ta, A v;tr!.aty of axamplee havs

>VtLII xlvcn LO demunutr~te the capabilltlarn IJI’ t!m REFERENCES
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KRAK CRACK MODEL
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Fig. 12 Effect of source pressure on
crack growth (two media case).
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